Abstract-In this paper, the design and performances of a pulsed plasma thruster (PPT) for nanosatellite applications will be presented. The breadboard model PPT presented in this paper will be a part of six PPTs propulsion system designed to provide attitude and translational control for a 20-kg nanosatellite for a total delta-V of 40 m/s. The thruster performances have been characterized in terms of electrical parameters, mass bit, impulse bit, and specific impulse. The thruster was found to be compliant with the mission requirement. Moreover, preliminary electromagnetic noise interference measurements have been performed. The spark plug discharge was found to be the main source of noise as already found by previous authors. From the collected data, it can be inferred that the noise is mostly radiated.
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II. MISSION REQUIREMENTS
For the definition of the mission requirements, several kinds of nanosatellite missions that can benefit from the use of micropropulsion have been addressed [3] - [10] . This review revealed that a micropropulsion system for nanosatellites should be able to perform a variety of maneuvers including but not limited to orbit maintenance, station keeping, attitude control, and formation flying. The system should be comprised of up to 12 thrusters with a power consumption per thruster of <10 W and should be able to deliver values of delta-V ( V ) of the order of 10 to 100 m/s [1] .
For the scope of this activity, it was decided to design a micropropulsion system able to provide attitude and translational control for a 20-kg nanosatellite for a total V of 40 m/s. The system will be comprised of six PPTs, each of which will have a wet mass <500 g. The power consumption of each thruster has been limited to a maximum of 10 W and the volume available to 0.0016 m 3 [1] . The propulsion module requirements are summarized in Table I , where it has 0093-3813 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. 
III. PULSED PLASMA THRUSTER DESIGN
After completing a tradeoff comparing the most promising propulsion technologies for nanosats, it was decided to design a breech-fed pulsed plasma thruster [1] , [2] . Considering the power available and aiming at a pulse frequency of ∼1 Hz, a discharge energy of 5 J was selected. The discharge energy density, i.e., the ratio between the discharge energy and the propellant surface exposed to the discharge (E/A ratio), has been fixed at 2.5 J/cm 2 to obtain good performances at the same time allowing a compact thruster design. Considering the selected E/A, an Isp of 550 s is expected according to [11] . By considering this value, the required total impulse and applying a 20% margin on the propellant mass, a total of 30 g of PTFE will be used as propellant in each PPT.
The PPT electrodes have been manufactured using a copper tungsten alloy; they will have a spacing of 2 cm and a width of 1 cm resulting in a h/w ratio identical to the one used in PPTCUP [12] . The electrodes are about 2-cm long and, in an attempt to improve performances, they are tongue-shaped and flared at 20° [13] . The spark plug uses a copper electrode surrounded by a thin ring of PTFE delivering reliable discharge ignition at a voltage of ∼8 kV in line with what has been successfully used in the PPTCUP lifetime test [14] .
The discharge energy is stored in a capacitor bank made of 20 ceramic capacitors charged at a nominal voltage of 1720 V (equivalent to 5 J of energy). The capacitors used are the same that were successfully tested to 1 800 000 discharges in the frame of the PPTCUP lifetime verification [14] . The assembled PPT, which has an envelope of ∼110 ×30 ×45 mm 3 , is shown in Fig. 1 .
The electronics board that is used to command and monitor the PPT has been designed and manufactured by Clyde Space Ltd. The electronics is split over two boards ( Fig. 2 ): 1) containing the RS-485 communication interface used to communicate with the satellite and 2) containing the HV circuitry needed to deliver the required capacitor bank and spark plug voltage.
To allow for performance investigation the capacitor charge voltage can be varied in the range 900-1850 V via the RS-485 interface. The spark plug voltage is instead fixed at 8 kV. The electronics board assembly has an overall mass of ∼100 g and an envelope of ∼120 × 60 × 30 mm 3 .
IV. TEST CAMPAIGN
The main aim of the experimental campaign was to verify the thruster performance against the requirements. Nevertheless, to obtain more data that can be used in the future for thruster optimization, it was decided to perform testing over a wide range of energies (from 2 to 5.5 J).
The thruster has been tested in two different configurations for a range of discharge energies. The first configuration (the nominal configuration reported in Fig. 3(a) has the capacitor bank mounted as close as possible to the thruster body to minimize the parasitic inductance and improve the thruster performances and it does not allow the use of Rogowski coils. In the second configuration [wide bank configuration shown in Fig. 3(b) ], the capacitor bank has been displaced from the thruster body to allow current monitoring via the incorporation of Rogowski coils between the capacitor bank and the electrodes. 
V. TEST SETUP
The test campaign was carried out at the University of Southampton. The vacuum chamber used is a stainless steel vertical cylinder with an internal volume of 0.35 m 3 . It has six CF flanges where the electrical F/Ts are installed and a 0.5-m diameter circular main port on the side surface. The vacuum chamber is evacuated by a pumping system comprised of an Edwards roughing pump and by a Pfeiffer Balzers TPH 450-H turbo molecular pump with a pumping speed of 450 l/s backed The thruster impulse bit was measured with a direct impulsive thrust balance developed in-house; a more detailed description of the balance can be found in [15] . The thruster mass consumption has been measured using a Mettler Toledo balance with an accuracy of ±5 μg and performing a minimum of 300 shots per energy level (1000 shots at energy levels below 3.5 J) achieving a measurement error of <3%. Once Ibit and mbit are measured, the Isp value can be calculated using
where g 0 = 9.81 m/s 2 .
It must be noted that during the whole test campaign, the electronics LV ground and the chamber ground were always connected to Earth, whereas the HV potential reference has been left floating and insulated from the LV ground. With reference to Fig. 5 , test point D and E were used to perform the discharge voltage measurements, whereas test points A, B, and C were used during the EM noise measurements. 
VI. EXPERIMENTAL RESULTS
As already explained, the test campaign had the aim of both verifying that the PPT design will meet the requirements highlighted in Tables I and II and gathering experimental data that can be used in the future to optimize the design. All the data collected will be reported below and commented according to both the experimental campaign aims.
A. Electrical Characteristics
The first test that was performed had the purpose to characterize the thruster electrically. For each discharge energy, 10 shots were performed and the discharge voltage and current curves acquired; then, the data were averaged. The discharge voltage and current curves for the wide bank configuration are reported in Figs. 6 and 7 for various energies.
The nanosat PPT showed an under damped discharge behavior that expires in ∼1.5 Hz similar to the one that was measured on a Cubesat PPT developed previously [12] .
From the discharge current values (I ), it is possible to calculate the discharge current parameter ( ), defined as
The current parameter trend with shot energy is shown in Fig. 8 . The thruster also showed a very repeatable functioning with a standard deviation values for of <2% over the full range of energies that were tested.
The analysis of the discharge curves has been performed by fitting the acquired data with the classic under-damped solution of a RLC circuit [12] . The estimated average PPT electrical parameters are reported in Table IV .
Regarding the electrical characterization of the nominal configuration, only the discharge voltage curves were acquired since it was impossible to fit the Rogowski coils as already explained in Section IV. The voltage curves so obtained are qualitatively similar to those in Fig. 7 . The only significant difference is a reduction in the discharge time due to the reduced inductance of configuration 1 in comparison to configuration 2 (Fig. 3) . Comparing the voltage curves relative to configurations 1 and 2 (Fig. 9) , a reduction in inductance of ∼30% can be calculated based on the reduction in the discharge period and by assuming that the resistance is constant and equal to the value in Table IV . 
B. Impulse Bit
The impulse bit trend with the energy is shown in Fig. 10 . For each energy value, 10 Ibit measurements were taken and then averaged. These measurements were performed after the thruster had completed ∼1000 shots.
During these tests, the PPT delivered very repeatable performances as the standard deviations of the impulse bit values were <3%. It must be noted that the error bars in Fig. 10 include also the balance measurements error that has been quantified to be ∼8% [17] .
Moreover, as shown in Fig. 10 , the PPT delivers an Ibit of ∼90 ± 8.1 μNs at 5 J with an Ibit/E ratio of ∼18 ± 1.6 μNs/J in line with the typical performances of breech fed pulsed plasma thrusters [16] .
C. Mass Bit and Specific Impulse
The mass bit trend with energy is reported in Fig. 11 and the Isp values derived according to (1) are shown in Fig. 12 .
As can be noted in Fig. 11 , the mass bit shows an unusual peak at 5 J of energy. This measurement has been repeated twice (performing a total of 600 shots) but the results obtained did not change appreciably. It has to be noted that also the value of Ibit measured at 5 J is higher than the linear fit determined by the measurements at the other energy values (Fig. 10) . This explains why the resulting Isp value does not differ significantly from what is expected based on measurements at the other energy levels.
Looking at Fig. 12 , it can be noted that the specific impulse value at the nominal energy of 5 J is ∼650 ± 56 s, which is 18% higher than the requirement of 550 s in Table II .
D. Electromagnetic Interference (EMI)
The last part of the experimental campaign was aimed at performing preliminary measurements of the EM noise produced by the PPT. Since no requirement was set on the PPT EMI levels at the beginning of the study, the aim of this test was to preliminarily characterize such levels. Moreover, to the authors' best knowledge most of the papers in the PPT literature do not deal with the EM noise produced by PPTs. The papers that treated EM noise [18] - [25] mostly present experimental measurements that refer to discharge energies that are about one order of magnitude higher than the one presented in this paper [19] , [20] , hence this test might provide data that might improve the understanding of EM noise production in low energy discharge PPTs.
For this test, it was decided to measure the voltage ripple on the digital (5 V) and power (8 V) lines going to the PPT electronics across points A and B, and C and B in Fig. 5 . It must be noted that for these measurements (as for the rest of the test campaign), the power supplies and vacuum chamber were grounded to Earth, whereas the PPT was left floating (meaning that the PPT cathode was not connected to Earth).
Measurements were performed only at energies close to the PPT nominal energy of 5 J. In addition to this, measurements were also performed on these lines for a spark plug-only shot. The measured data is summarized in Table V where the rms value has been obtained averaging fifteen shots.
Looking at the data reported in Fig. 13 , it can be noted that the noise generated by the PPT lasts for ∼400-500 ns, hence the rms values reported in Table V have been calculated during  this time. Moreover, the data in Table V and Fig. 15 show that the shot energy influence on the noise rms level is very limited. In particular, the change in noise level with energy is normally within the measurement error bars. More importantly, it can be seen how the noise level measured on the 5 and 8 V lines are very similar and follow the exact same trend with energy. Moreover, a spark only shot (meaning that the spark plug is triggered without charging the main capacitor bank) produces a noise that is higher than the one produced by a complete thruster shot (meaning that the spark plug is fired with the capacitor bank charged, triggering the main discharge and producing the performances reported in Sections VI-A-VI-C).
During this test phase, attempts were made at acquiring the noise generated on the 5 and 8 V lines by a capacitor only discharge (meaning by a capacitor discharge generated without the use of the spark plug). Arcs were generated charging the capacitor bank at 5 J of energy and increasing the chamber pressure until an arc across the capacitor bus bars occurred. Interestingly, no noise was detected by the scope.
Looking at the noise PSDs (Fig. 14) , it can be seen how most of the noise power density is concentrated on frequencies close to 20 MHz on the 5 V line and 6 MHz on the 8 V line, from which it can be inferred that, as expected, a significant part of the noise will be radiated.
It can also be noted that there are qualitative similarities between the PSD obtained with a thruster shot at 5 J and the ones obtained with a spark plug only shot. This provides another argument in support of the conclusion according to which the spark plug is the main source of noise in this particular PPT design.
Considering that the spark plug energy is ∼10 mJ (hence significantly lower than the discharge energy), the fact that it is the main source of noise might seem unexpected. Nevertheless this can be explained looking at the characteristic discharge times of the spark plug and of the main discharge voltage traces reported in Fig. 16 . The characteristic time of the main discharge is of the order of 1 μs whereas the one of the spark plug is significantly lower. In particular, the voltage traces reported in Fig. 16 have been acquired with a 100-MHz bandwidth probe and the spark discharge proved to be too quick to be resolved by the probe, implying a discharge time ∼10 ns. According to Maxwell-Faraday equation ∇ × ε = −∂ B/∂t, the EM noise is mainly generated by the change in time of the magnetic field. Therefore, since the characteristic time of the spark plug pulse is at least two orders of magnitude smaller than that of the main discharge, it appears reasonable to affirm that the spark plug is the main source of noise. This is also in line with the finding of other authors that performed similar investigations in the past [24] , [25] .
VII. CONCLUSION
A PPT for nanosatellite application has been designed, built, and tested. As shown in Table VI , the PPT is compliant with all design requirements. The PPT mass was 30% lower than the maximum allowable limit. Moreover, the unit provided reliable and repeatable performance throughout the test campaign, delivering a specific impulse in excess of the mission requirements of ∼18%.
Preliminary measurements of the EM noise generated by the PPT were also performed. From the data collected, it can be inferred that the noise is mostly generated by the spark plug discharge and that the discharge energy seems to have little to no effect on the noise; rms values of the order of 2-3 V were measured.
Future works shall include a lifetime test campaign to demonstrate that the PPT is reliable and can deliver the required total impulse. Moreover, for the flight qualification of the unit, environmental tests, i.e., mechanical, electromagnetic compatibility and thermal cycling tests, shall be performed.
